ABS TR A CT The effects of diseases of the liver, the thyroid, and the kidneys on the retinol-binding protein (RBP)-prealbumin (PA) system responsible for the transport of vitamin A in plasma were examined, using a radial gel diffusion immunoassay for PA and the previously described radioimmunoassay for RBP. Measurements were made on plasma samples from 118 normal subjects, 31 patients with cirrhosis, 5 with chronic active hepatitis, 27 with acute viral hepatitis, 14 patients with hyperthyroidism, 7 with hypothyroidism, and 26 patients with chronic renal disease of varying etiologies. In the patients with liver disease, the levels of vitamin A, RBP, and PA were all markedly decreased and were highly significantly correlated over a wide range of concentrations. Serial samples were available in 19 patients with acute hepatitis; as the disease improved the plasma concentrations of vitamin A, RBP, and PA all increased.
INTRODUCTION
We have recently reported the development of a radioimmunoassay for human plasma retinol-binding protein (RBP)1 (1) . RBP, the specific transport protein for vitamin A, has a molecular weight of approximately 21,000 and a single binding site for one molecule of retinol (2) . In plasma, RBP circulates as a proteinprotein complex with plasma prealbumin (PA). The prealbumin which forms a complex with RBP is identical with the so-called thyroxine-binding prealbumin in human plasma. Studies with the analytical ultracentrifuge have demonstrated that purified RBP and PA associate to form a 1: 1 molar complex. When RBP-PA mixtures containing either protein in amounts in excess of a 1: 1 molar ratio were analyzed, the results showed the presence in these mixtures of a 1: 1 molar RBP-PA complex together with the free uncomplexed protein present in excess of this molar ratio (3) . The RBP-PA complex remained stable in the temperature range 4°-42.5°C and in the pH range 5.8-7.5, but could be reversibly dissociated by the addition of 6 M urea (3) .
The radioimmunoassay for RBP was previously used to examine the plasma levels of RBP in normal adults (1) . The mean (+SEM) levels observed were 47.2 ±1.6 /Ag/ml for males and 41.6 ±1.6 Ag/ml for females.
There was a highly significant correlation between the plasma levels of RBP and of vitamin A. Plasma RBP 'Abbreviations used in this paper: GOT, glutamic-oxaloacetic transaminase; PA, prealbumin; RBP, retinol-binding protein.
was generally saturated with retinol, suggesting that under normal circumstances RBP circulates almost exclusively as the holoprotein. Data were also reported showing that plasma RBP levels were markedly de- creased in a small group of patients with acute viral hepatitis.
We now report the results of more extensive studies in which the levels of all of the components of the vitamin A transport system (RBP, PA, and vitamin A) were determined in individual plasma samples. These studies were carried out in normal subjects and in patients with diseases of the liver (cirrhosis, acute and chronic hepatitis), diseases of the thyroid, or with chronic renal disease. The results demonstrate that diseases of each of these organs affect vitamin A transport in a different manner and provide new information about the normal and abnormal metabolism of plasma RBP in man.
METHODS
Purification of RBP and PA; RBP immunoassay. Human plasma RBP and PA were isolated by a sequence of procedures described in detail in our previous publications (14) . Rabbit anti-human RBP antisera and M'Islabeled RBP were prepared, and RBP was measured by the radioimmunoassay procedure as described in detail previously (1) .
Radial gel diffusion assay for PA. 41 ml of a mixture of agar,2 1% by weight in 0.05 M Na phosphate buffer pH 7.6, was heated to clarity in a water bath, cooled to 640C, and mixed with 1 ml of anti-human PA antiserum made in rabbits.' Immediately after mixing, 4-ml portions were applied to 2 X 6 cm glass slides and allowed to harden at room temperature for 2 hr. Lyophilized PA was dissolved in water or in 0.9% NaCl and diluted serially to final concentrations of 90-10 gg/ml. The concentrations of the PA solutions were calculated by determining the absorbance of the initial solution at 280 nm, assuming an E, t of 14.1 (4) . Human plasma was diluted 1: 5 or 1: 10 (v/v) with water or 0.9% NaCl. Wells 2.5 mm in diameter were made in the gels with a cork borer, and the wells were filled with one or another standard PA solution or with samples of diluted plasma. In general, each slide contained some standards and some diluted plasma samples. All samples were analyzed in duplicate; duplicate samples were, moreover, applied to different slides. The gels were placed over water in a closed polystyrene box, allowed to remain undisturbed for 18-36 hr, and the diameter of the precipitin ring was measured with calipers and a magnifying lens without knowledge of the identity of the samples. The standard curve was found to be linear in the concentration range studied when the logarithm of PA concentration was plotted against the diameter of the precipitin ring (Fig. 1) . A standard curve was determined in each set of assays and was used to calculate the concentrations of PA in that particular set of samples.
Recovery of PA. Normal plasma with a known concentration of PA was diluted with water to a PA concentration of 34 ug/ml, and portions of the diluted plasma were 2 Special Agar-Noble, Difco Laboratories, Detroit, Mich. 'American Hoechst Corporation, Somerville, N. J. mixed with an equal volume of one of six solutions of pure PA containing PA in concentrations ranging from 6 to 38 Ag/ml. Six determinations were made with each mixture, and the observed values were compared with those calculated from the known concentrations of the mixtures. The mean recovery of the pure PA added to diluted plasma was 95%.
Intra-assay (within assay) agreement. Plasma samples were assayed in duplicate for PA, and the mean was taken as the final value. During an 8 month period the values for duplicate assays on 100 successive plasma samples differed from the mean of each duplicate pair by a mean (±SD) of 6.4 ±7.4%. In the studies reported here the results for a given sample were discarded when the duplicates differed by more than 20%o and that assay was repeated. Interassay (between assay) agreement. During the same 8 month period 50 plasma samples were analyzed for PA in duplicate in more than one assay. The mean values (+SD) between assays for these samples varied by 9.0 +5.8%o from the over-all mean for each sample.
Radial gel diffusion assay for serum albumin. A mixture of agar,2 1%o by weight in 0.02 M Na phosphate buffer pH 7.6, 42 ml in volume, was mixed with 2 ml of anti-human serum albumin antiserum,3 and gels were prepared as described above. Human serum albumin' was dissolved in 0.9%o NaCl, the concentration was determined from the absorbance at 280 nm assuming an E1% of 5.8,' and the solution was diluted serially to final concentrations of 900-100 ug/ml. Human plasma was diluted 1: 75 (v/v) with 0.9%7 NaCl, and samples and standard solutions were assayed in duplicate in a manner similar to the gel diffusion assay for PA.
Plasma samples. 10-15 ml of venous blood was drawn (12) and by Mainland (13) . Demonstration of free (uncomplexed) RBP in plasmia in patients with renal failure. 1-to 2-ml portions of fresh or thawed plasma were applied directly to a column, 1.7 X 70 cm (160 ml bed volume) of Sephadex G-100 equilibrated with 0.02 M Na phosphate buffer pH 7.4, 0.2 M NaCl. The proteins were eluted with the same buffer at a flow rate of 15 ml/hr at 4VC in the dark. The absorbance of the eluted fractions (6 ml volume each) was measured at 280 nm with a Beckman DB spectrophotometer, and the fluorescence of retinol bound to RBP (excitation 333 nm, emission 460 nm) in the fractions was measured with an Aminco-Bowman spectrophotofluorometer.' In the experiments where fractions were pooled before assay for RBP and vitamin A, the peaks corresponding to the RBP-PA complex and to free (uncomplexed) RBP were identified by the characteristic vitamin A fluorescence (3) .
In one experiment, plasma obtained from a patient with renal failure was enriched with PA before gel filtration.
In this experiment, lyophilized pure PA, 1 mg, was dissolved in 1 ml of plasma and the PA-enriched plasma then chromatographed on Sephadex G-100 as described. Molar ratios. In calculating the molar ratios the molecular weight of RBP was assumed to be 21,000 and of PA 49,400 (3).
RESULTS
PA levels in norma.l adults. The mean +SEM level of plasma PA was 263 ±7 ttg/ml for males and 238 ±6 isg/ml for females. The mean level of PA was signifi- PLASMA PA (pug/ml) FIGURE 2 Correlation between plasma PA and RBP levels in normal subjects. The regression line is drawn for the entire group, including both males and females.
females. In the normal adults studied, no correlation was found between plasma PA levels and age. Plasma PA and RBP levels were significantly correlated (r = 0.430, P < 0.001) in males but not in females. The correlation of plasma PA and RBP levels in the entire group of normal males and females (r = 0.330, P < 0.001) is shown in Fig. 2 . Plasma PA levels were correlated significantly (r = 0.364, P < 0.001) with plasma vitamin A levels, a result anticipated in view of the previously observed (1) correlation between RBP and vitamin A levels. Plasma albumin levels, in contrast, were not correlated with RBP levels. Effects of liver disease on the vitamin A transport system. Plasma RBP and PA levels in patients with acute viral hepatitis, chronic active hepatitis, and cirrhosis are shown in Fig. 3 . The levels of the two proteins were highly significantly correlated over the wide range of concentrations found in patients with liver disease. In Fig. 4 , a similar highly significant correlation is shown between plasma RBP and vitamin A levels in the same patients. In patients with acute viral hepatitis, where serial plasma samples were available as the disease PLASMA PA (pug/ml) FIGURE 3 Correlation between plasma PA and RBP levels in patients with acute viral hepatitis, chronic active hepatitis, and cirrhosis. PLASMA RBP (pug/ml) FIGURE 6 Correlation (negative) betw( and glutamic-oxaloacetic transaminase lev ples from patients with acute viral hepa improved, it was possible to compare the standard tests of liver function dur the disease. A significant negative cot served between plasma RBP and bilirub and between plasma RBP and GOT Plasma RBP levels showed a negati = -0.370, P < 0.01) as well with the phosphatase activity. The highly signii in mean (+SEM) plasma RBP levels cirrhosis, chronic active hepatitis, and atitis compared with normal subjects are shown in Table III . Plasma PA concentrations were similarly depressed in these groups of patients with liver disease, as were the levels of vitamin A (see Table III ). Despite these marked reductions in the levels of RBP, PA, and vitamin A, the molar ratios in plasma RBP: PA and of RBP:vitamin A were not significantly different in patients with liver disease from the ratios seen in normal uTE VIRAL HEPATITIS subjects (Table IV ). -0.426
Effects of thyroid disease on the vitamin A transport 'O.°°°system. In the 14 patients with hyperthyroidism, the mean levels of both plasma RBP and PA were significantly lower than the mean levels seen in the normal subjects (see Table III ). Since 13 of the 14 hyperthyroid patients were females, and since both plasma PA and RBP (see reference 1) levels are lower in normal ____ *___*__ females than males, calculations were also carried out 40 50 to compare the RBP, PA, and vitamin A levels in the hyperthyroid females with the corresponding values in een plasma RBP normal females. These calculations indicated that, as vels in serial sam-with the entire group, both plasma RBP (P < 0.01) and titis. PA (P < 0.001) levels were significantly lower than normal in hyperthyroid females. The levels of plasma RBP levels with vitamin A were generally lower in hyperthyroid than in *ing the course of normal subjects, but this difference was not statistically rrelation was ob-significant. iin levels (Fig. 5) The hypothyroid patients were also compared with levels ( Fig. 6 ). normal subjects both by comparing the entire group of ve correlation (r patients with the entire group of normals and by comlevels of alkaline paring hypothyroid with normal females. Similar findficant depressions ings were obtained in both sets of comparisons. In in patients with hypothyroidism the plasma level of vitamin A was sigacute viral hep-nificantly (P < 0.05) increased to 69 ±9.4 ng/100 ml; the mean level of RBP was somewhat higher than normal in these subjects, but the difference was not statistically significant (Table III) . The levels of plasma PA in the hypothyroid patients were similar to the levels seen in normal subjects. The molar ratios of RBP:PA and of RBP:vitamin A were not significantly different from normal in either the hyperthyroid or in the hypothyroid patients (Table IV) . Effects of severe renal disease. In the group of 26 patients with renal disease of varying etiologies (see Table II ), both the mean levels of plasma RBP (116 IAg/ml) and of vitamin A (98 ,g/100 ml) were markedly elevated, while the PA levels remained normal (Table   III Table  II ). These striking abnormalities in the plasma RBP and vitamin A levels, and in the molar ratios, were found in patients in the various diagnostic categories (Table II) and also in patients with and without maintenance hemodialysis. Demonstration of free (uncomplexed) RBP in plasma from patients with renal failure. The finding that many of the patients with chronic renal disease had plasma REP PA molar ratios greater than one indicated that in these patients REP was present in plasma in molar excess as compared with PA and that some of the REP must therefore have been present not complexed with PA. In order to demonstrate this directly, plasma from a patient with chronic pyelonephritis being treated with chronic hemodialysis (EUN 99, molar ratios REP PA 1.5 and REP vitamin A 1.5) was subjected to gel filtration. When normal plasma was chromatographed on a column of Sephadex G-100 (Fig. 7, bottom panel) , almost all of the REP and vitamin A were eluted together in a volume characteristic of the REP-PA complex (peak at fractions 28-30, Fig. 7 ). When plasma from the patient with renal failure was chromatographed on the same Sephadex column, REP and vitamin A were eluted in part with the same elution volume and in part in a volume characteristic of free, uncomplexed REP (fractions 38-40 in Fig. 7, top panel) . This experiment demonstrates the presence of a considerable amount of free (uncomplexed) RBP in the plasma of the patient with renal disease. In fact, the amount of RBP found in the second (free RBP) peak exceeded that expected from the measured molar ratio, if only the RBP present in molar excess as compared with PA had been present in free form. These observations suggest that the affinity of RBP for PA may have been decreased in this sample. Similar results were obtained with plasma from a second patient with severe nephrosclerosis (BUN 126, molar ratios of RBP: PA 2.3, RBP: vitamin A 4.1). In addition, in both these plasma samples the ratio of RBP to vitamin A was higher in the second (free RBP) peak than in the first (RBP-PA complex) peak (see Fig. 7 , top panel). This finding suggests that apo-RBP had a lesser affinity for PA than did holo-RBP, a conclusion consistent with our previous observations (3).
An experiment was conducted to determine whether the free RBP present in patients with renal disease was capable of forming a complex with PA. The possibility existed, for example,-that much of the free RBP represented altered RBP molecules no longer capable of binding to PA. In order to examine this possibility, purified human PA was added to plasma from a patient with renal disease in an amount sufficient to restore the RBP:PA molar ratio to normal. Gel filtration of the plasma before the addition of PA showed that 70% of the total plasma RBP was eluted in a volume characteristic of free RBP (Fig. 8, middle panel) . After the addition of PA, however, both the RBP and vitamin A in the plasma sample were eluted almost entirely as the RBP-PA complex (Fig. 8, bottom panel) . This finding indicates that the free RBP in this patient was structurally intact at least with regard to its ability to complex wih PA.
RBP immunoassay of plasma from patients with hepatitis and renal failure. Serial dilutions of representative plasma samples with low RBP (hepatitis) and elevated RBP (renal failure) in the radioimmunoassay produced a displacement curve identical with that produced by standard pure RBP. DISCUSSION These studies were undertaken to examine the effects of diseases of the liver, the thyroid, and the kidneys on the RBP-PA system responsible for the transport of vitamin A in plasma. A radial gel diffusion immunoassay for PA was employed along with the previously reported radioimmunoassay for RBP (1), in order to measure the levels of both RBP and PA (as well as that of vitamin A) in individual samples of plasma. The results provide a detailed description of the effects of each of these diseases on the plasma vitamin A transport system and also provide insight into the normal and abnormal metabolism of RBP and vitamin A in man.
Plasma concentrations in liver disease were of interest because of the indirect evidence that RBP is synthesized and secreted by the liver. It is well established that vitamin A is mainly stored in, and can be mobilized readily from, the liver (14) . We previously reported diminished plasma RBP levels in a small series of patients with acute viral hepatitis (1) . In the present report, a more extensive study of RBP, PA, and vitamin A levels was conducted in a much larger series of patients, in an attempt to characterize fully the effects of liver disease on the vitamin A transport system and to correlate these effects with the standard laboratory tests of hepatic function.
More than two decades ago a number of reports appeared dealing with vitamin A metabolism in patients with liver disease. These reports demonstrated that plasma vitamin A levels were markedly decreased in patients with liver disease (15, 16) . It was also found that dark adaptation was abnormal in patients with cirrhosis and that the administration of vitamin A was followed by some improvement (17) . Tissue analyses in patients with liver disease demonstrated that the diseased liver generally had a lower than normal vitamin A content, but that the vitamin A content was often within the normal range (15, 18) . Moreover, when the vitamin A content of the liver was depressed it was much less abnormal than was the corresponding plasma level. It was suggested that the low plasma vitamin A level in hepatic diseases might be due in part to disturbed release of vitamin A from the liver (15, 19) .
In the present studies of plasma from patients with cirrhosis, chronic active hepatitis, and acute viral hepatitis, the levels of vitamin A, RBP, and PA were all markedly decreased and were highly significantly correlated over a wide range of concentrations. In the patients with acute hepatitis, the RBP levels in plasma were correlated negatively with the values of three laboratory tests of hepatic function (bilirubin, GOT, and alkaline phosphatase concentrations). As the acute hepatitis improved, the plasma levels of vitamin A, RBP, and PA all increased. Despite the depressed plasma levels of these components, the molar ratios of RBP: PA and RBP: vitamin A were not abnormal. These findings suggest that both RBP and PA are synthesized in and secreted by the liver and that their production rates are comparably disturbed in the presence of liver disease. The levels of RBP and PA in these patients appeared to be a valid index of the functional status of the liver. It is apparent that the decreased plasma vitamin A levels previously found in liver disease reflected the impaired hepatic synthesis and/or release of the transport proteins for vitamin A.
Previous studies of human plasma prealbumin have largely focused on the role of prealbumin as one of the three proteins responsible for the plasma transport of thyroxine (20) (21) (22) . The PA molecule appears to contain one binding site for one molecule of thyroxine (4, 23) . Although the precise role of PA in thyroxine metabolism has as yet not been defined, recent papers suggest that under physiologic circumstances only of the order of 15% of plasma thyroxine circulates bound to PA (24, 25) . The molar level of thyroxine in plasma is much less than that of PA; under normal circumstances less than 1% of the plasma PA molecules circulate in the form of a complex with thyroxine (4, 24 values of 277 /hg/ml (29) , 266 Ag/ml (34) , and 250 !'g/ml (31) .
Previous studies have demonstrated decreased plasma PA levels in patients with hyperthyroidism (22, 27, 31, 34) , with generally normal or near normal levels in patients with hypothyroidism. The thyroxine-binding capacity of PA, or the level of PA, has been reported to be decreased in patients with a variety of malignant diseases (30) , after surgery (32), during pregnancy both pre-and postpartum (31) , and in the presence of fever and of a number of acute and chronic illnesses (22, 27) . Low PA levels, similar to those reported here, have also been observed in patients with cirrhosis (33) .
In the present studies, plasma from patients with thyroid disease was examined in order to explore how RBP levels would relate to altered PA concentrations in these patients. Both RBP and PA levels were significantly lower than normal in hyperthyroid patients. In hypothyroidism, neither the level of PA nor of RBP was significantly different than normal. Moreover, in both hyper-and hypothyroidism the molar ratios of RBP: PA and of RBP: vitamin A were not significantly different from normal. These findings suggest that abnormalities in thyroid status have similar effects on the metabolism of both RBP and PA, i.e., on the entire vitamin A transport system. The mechanisms responsible for these effects remain to be explored.
The studies on chronic renal disease were undertaken in order to obtain information about the role of the kidneys in the metabolism of RBP. It has been known since the 1940's that patients with severe renal disease often have elevated plasma levels of vitamin A (15, 19, 35, 36) . In previous reports from our laboratory (2, 3) (40, 41) , and ribonuclease (42) . In a recent study, Mogielnicki, Waldmann, and Strober examined the metabolism of immunoglobulin L-chains, mol wt 24,000, in mice with experimental renal disease (37) . These workers concluded that in normal states, small proteins which are filtered with relative ease through the glomeruli are taken up and catabolized in the tubular cells. In tubular proteinuria when the glomerular filtration rate is normal, protein filtration continues unchanged, but tubular uptake and catabolism decrease; more protein hence appears in the urine but there is no change in the over-all protein metabolic rate. In the presence of renal disease with greatly decreased glomerular filtration rate, less protein passes into the tubular lumen, with a resultant decline in the rate of catabolism (and excretion) of the protein. It was pointed out (37) that these latter abnormalities would explain the high serum levels and prolonged survival of certain small proteins in uremia.
Since uncomplexed RBP can be expected to be filtered fairly readily through the glomeruli, whereas neither PA nor the RBP-PA complex would be filtered appreciably, the importance of the kidneys in the metabolism of RBP would depend, to a major extent, on the proportion of RBP present in plasma in the free, uncomplexed state. We have previously reported that the metabolic clearance rate of RBP-'I in normal subjects is of the order of 8 liters/day per m2 body surface area (43) . It was also estimated that the value of K., the association constant for the formation of a complex between RBP and PA, may be of the order of 10' at physiological pH in vivo (3) . If this value were correct, it can be calculated from the normal levels of RBP and PA and the normal glomerular filtration rate that the renal metabolism of RBP would be relatively minor, accounting for the metabolic clearance (of RBP) of only approximately 0.6 liters of plasma or less per day. If the values of K. were 107 or 3 X 106, and if the glomerular membrane were fully permeable to uncomplexed RBP, glomerular filtration and renal metabolism would account for the metabolic clearance of 6 liters and of 17 liters, respectively, of plasma per day and would be of considerable quantitative importance in the overall metabolism of RBP.
In the group of patients with azotemic renal disease studied, both plasma RBP and vitamin A levels were greatly elevated, while PA levels remained normal. In contrast with the patients with liver and thyroid disease, the molar ratio of RBP: PA was grossly abnormal, in many instances being elevated considerably above 1. These findings suggest that the kidneys normally play an important role in the metabolism of RBP, and that sufficient RBP normally circulates in the uncomplexed state that its renal metabolism (as a low molecular weight protein) is of considerable quantitative significance. It is hence likely that the normal value of K. under physiological conditions is of the order of 107 (or slightly less) rather than of the order of 108.
The gel filtration experiments (Figs. 7 and 8 ) directly demonstrated the presence of considerable amounts of free RBP in plasma from patients with renal disease and with RBP: PA ratios greater than 1. In fact, the relative distribution of RBP between the RBP-PA complex and free RBP in these samples suggested that the affinity of RBP for PA (K.) was less than normal in the plasma of these azotemic patients. Addition of PA to one sample demonstrated that the RBP present as free RBP and in molar excess was capable of forming a complex with PA and was hence structurally relatively intact. It was found that the molar ratio of RBP: vitamin A was abnormal in renal disease, with plasma RBP circulating less saturated with retinol than normal. Moreover, the gel filtration experiments suggested that the affinity of apo-RBP (not containing retinol) for PA was less than that of holo-RBP. These findings are consistent with the hypothesis that under normal conditions the small amount of apo-RBP normally present (1) is preferentially filtered in the glomeruli because of its lesser affinity (compared with holo-RBP) for PA. In renal disease the retention of apo-RBP would accordingly be relatively more prominent than that of holo-RBP, accounting for the elevated RBP: vitamin A ratio seen in these patients. A lesser affinity of apo-RBP than holo-RBP for PA would provide a mechanism for the selective catabolism of the apoprotein in both normal and abnormal conditions.
